We investigate the prospect of discovering the Inert Doublet Model scalars at CLIC. As signal processes, we consider the pair-production of inert scalars, namely e + e − → H + H − and e + e − → AH, followed by decays of charged scalars H ± and neutral scalars A into leptonic final states and missing transverse energy.
Introduction
we are left with 5 free parameters, which we take as m H , m A , m H ± , λ 2 , λ 345 , (2.1) where λ 345 = λ 3 + λ 4 + λ 5 determines the Higgs-DM coupling, while λ 2 corresponds to couplings within the dark sector.
To study the prospects of IDM scalar measurement at CLIC we consider a set of benchmark points proposed in [9] , and listed in table 1 for the low-mass benchmarks accessible at 380 GeV, and in table 2 for the high-mass benchmarks accessible at higher collider energies of 1.5 and 3 TeV. These benchmarks were selected from a larger set of points in the IDM parameter space, which were found to be in agreement with all the theoretical and current experimental constraints. Points corresponding to different assignment of masses and couplings were selected in the parameter range interesting in view of future linear e + e − collider searches. We refer the reader to [9, 29, 30] for a detailed discussion of the theoretical and experimental constraints and the benchmark selection; comments on the impact of future XENON-nT measurements and prospects of testing the IDM model at the LHC can be found in [9] .
Analyses strategies and simulation setup
In this work, we consider the following tree-level production processes of inert scalars at e + e − collisions 1 e + e − → A H, (3.1) e + e − → H + H − .
For the calculation of cross-sections as well as detailed signal and background simulation, we make use of the Monte Carlo event generator WHizard 2.2.8 [32, 33] . For the signal, we employ the IDM model implemented in SARAH [34] . Model parameter files for the considered benchmark scenarios were prepared using SPheno 4.0.3 [35, 36] . When generating signal and background events samples for the presented analysis, energy spectra for CLIC [37] , based on detailed beam simulations, were taken into account. Leading-order cross-sections for the processes in (3.1) for 380 GeV collision energy, including initial state radiation, are presented in fig. 1 . In the scenarios considered in this paper the produced dark scalar A decays predominantly to a (real or virtual) Z boson and the (lighter) neutral scalar H, A → Z ( ) H, while the produced charged boson H ± decays to (real or virtual) W ± boson and the neutral scalar H, H + → W ± ( ) H, where the DM candidate H escapes detection. Since both the production and decay processes are governed by the SM electroweak couplings, the inert masses are the only BSM parameters probed at CLIC. Table 1 : Low mass IDM benchmark points considered in the presented study, taken from [9] . In all benchmarks m h = 125.1 GeV. Bold font denotes BP for which H completely saturates DM relic density. Note that BP5 and BP17 were excluded by the updated Xenon1T limits [31] .
Since isolated leptons (electrons and muons) can be identified and reconstructed with very high efficiency and accuracy, we concentrate on Z and W ± leptonic decays, leading to a signature of leptons and missing transverse energy, and therefore refrain from including detector effects in the results presented here; including these is expected to only marginally change the outcome of our study. Processes with same flavour lepton pairs (restricting the analysis to µ + µ − pairs) and different flavour lepton pairs (µ + e − or e + µ − ) are considered. Muon pair production can be a signature of the AH production process followed by the A decay:
while the production of the different flavour lepton pair is the expected signature for H + H − production: Yellow band represents all scenarios selected in the model scan [9] while the blue dots represent the selected benchmark scenarios. Beam energy spectra are not included.
Note that when both W bosons in (3. 3) decay to muons, the charged Higgs pair production process will contribute to the signature (3.2) of HA production as well. During simulations we do not constrain the intermediate particles, but consider all processes leading to + ( − ) + / E ⊥ . Especially processes with additional neutrinos can contribute and need to be taken into account. This includes processes with tau (pair) production and their successive leptonic decays.
To be specific, for processes with muons in the final state, the following processes have been simulated:
where the final state taus are then forced to decay to a muon and a neutrino. For the background the following Standard Model processes are considered:
where the additional neutrino pair can be of any flavour (i = e, µ, τ ). As before, we generate all processes leading to the above final states, without constraining the intermediate particles states.
Similarly, for the electron-muon pair final state the following signal processes are considered:
with the final state tau leptons decaying to an electron or a muon (to match the required final state signature, µ + e − or e + µ − ). For the background in this case the following Standard Model four-fermion processes are considered:
As discussed above, beam energy spectra and initial state radiation (ISR) were taken into account.
Generator-level cuts corresponding to the expected detector acceptance were applied for both signal and background simulations: electrons or muons with energy of at least 5 GeV need to be emitted at least 100 mrad from the beam direction and their angular separation should also be at least 100 mrad. To reduce background from radiative Z-return events we also require that there are no ISR photons emitted at angles above 100 mrad with energies larger that 10 GeV.
For the considered final states we assume that only two charged leptons are reconstructed in the detector. The observed final state can be completely described by a small set of kinematic variables. To assure the best possible discrimination between signal and background events, resulting in highest expected significance of the possible observation, we make use of multivariate analyses. We apply the Boosted Decision Tree (BDT) classification algorithm, as implemented in TMVA toolkit [38] , with the following eight input variables describing the kinematics of the dilepton final state:
• total energy of the lepton pair, E ;
• dilepton invariant mass, M ;
• dilepton transverse momentum, p T ;
• polar angle of the dilepton pair, Θ ;
• Lorentz boost of the dilepton pair, β = p /E ;
• reconstructed missing (recoil) mass M miss (calculated assuming nominal e + e − collision energy),
• − production angle with respect to the beam direction, calculated in the dilepton center-of-mass frame, Θ
• − production angle with respect to the dilepton pair boost direction, calculated in the dilepton center-of-mass frame, ∠ ( , ),
where lepton pair denotes µ + µ − for AH channel and µ + e − or e + µ − for H + H − production. The first five variables refer to the dilepton pair system as a whole, while the last two correspond to the single lepton polar angle calculated in the two different reference frames. Please note that these eight variables are not independent, as the final state with two massless leptons and missing energy only can be completely described by five parameters (plus azimuthal angle, which is not relevant). However, using more input variables resulted in better signal selection efficiencies. The BDT algorithm is trained individually for each benchmark scenario and each running energy using the generated event samples after detector acceptance and pre-selection cuts.
4 Inert Scalars at the first stage of CLIC First we investigate the discovery prospects for the IDM benchmarks at the initial CLIC operation at √ s = 380 GeV with expected integrated luminosity of 1 ab −1 [39] . The possibility to access benchmark points with m i ≥ 380 GeV, that are not accessible at the first stage, is investigated in section 5, where the second and third energy stages of CLIC, at 1.5 TeV and 3 TeV are considered with integrated luminosities of 2.5 and 5 ab −1 , respectively.
4.1
Neutral dark scalar pair production e + e − → AH As described above, in this channel we focus on final states with muon pairs and missing transverse energy. As the DM particles escape detection, the signal process will lead to large missing energy and momentum. Furthermore, the invariant mass of the lepton pair, stemming from the decay of a real or virtual Z boson, should be relatively small (depending on the mass splitting between A and H, but not greater than m Z ). On the other hand, the dominant Standard Model background process proceeds via the s-channel Z/γ di-muon production, with most pairs produced either with high invariant mass (events without hard ISR) or with significant longitudinal boost (events with high-energy ISR photon). We display the lepton pair invariant mass distribution for signal and background processes in fig. 2 . As expected, we observe that the event distribution for the signal (for the benchmark scenario BP1; green points) is concentrated on a much smaller range in the P µµ z , M µµ plane than the SM background distribution (red points). For the 380 GeV analysis we therefore require an invariant mass of the produced lepton pair to be below 100 GeV, and the absolute value of the longitudinal momentum below 140 GeV. These pre-selection cuts significantly reduce background from direct two fermion production, e + e − → µ + µ − , hardly affecting the signal. Shown in fig. 3 are the distributions of the muon pair energy, E µµ , total transverse momentum, p µµ T , polar angle, Θ µµ , and the difference of the lepton azimuthal angles, cos ∆φ µµ for three representative benchmark scenarios and the SM background. Selected benchmark points (BP1, BP2 and BP7) correspond to mass differences between A and H bosons of about 35 GeV, 6 GeV and 58 GeV, respectively. For low mass differences, the contribution from H + H − channel is also clearly visible (a tail of events with higher lepton pair energy and transverse momentum).
Distributions of variables presented in fig. 3 can be used to select signal-enhanced samples of events. The following selection requirements are therefore further imposed on the lepton pair: Z , for BP1 scenario (green points) and Standard Model background (red points). Same number of events were simulated for signal and background for centre-of-mass energy of 380 GeV, using CLIC luminosity spectra.
• energy E µµ < 100 GeV,
• transverse momentum p µµ T > 10 GeV,
• production angle (polar angle of the Z boson) 30
• difference of the lepton azimuthal angles |∆ϕ µµ | < π 2 .
Presented in fig. 4 is the lepton pair invariant mass distribution after pre-selection and selection cuts. Signal samples for selected benchmark scenario and the background sample are normalised to 1 ab −1 . About 5400 background events are expected after all selection cuts, while 1810, 1290 and 540 signal events are expected for the BP1, BP2 and BP7 scenarios, respectively. This corresponds to about 21σ, 16σ and 7σ significance.
Higher signal significances are obtained making use of multivariate analyses after the application of pre-selection cuts. As an example, we show the BDT response distributions for BP1 (signal and SM background) in fig. 5 for 1 ab −1 collected at CLIC 380 GeV center-of-mass energy. The optimal significance is obtained for a BDT response cut of about 0.12, corresponding to 71% signal selection efficiency and 2.2% background selection efficiency, with a resulting signal significance of about 27.7σ. In fig. 6 the significance using the above method is displayed as a function of the neutral inert scalar mass sum, m A + m H , and of the signal production cross-section for the considered final state, σ(e + e − → HHµ + µ − X inv ). The expected significance is mainly related to the AH production cross-section. A discovery, corresponding to 5 σ, at the initial stage of CLIC is expected for scenarios with the signal cross-section (in the µ + µ − channel, after pre-selection cuts on generator level) above about 0.5 fb, which corresponds to the neutral inert scalar mass sum below about 290 GeV. For the considered benchmark points we do not observe any sizable dependence of the expected significance on the mass splitting between the two neutral scalars, m A −m H (indicated by colour scale in fig. 6 ). cuts (except for the detector acceptance cuts, as described in section 3). However, this also allows us to consider the electron-muon pairs in the final state, avoiding large SM background from the direct lepton pair production (e + e − → + − ; this channel contributes only via leptonic tau decays, suppressed by the corresponding branching fractions). 
. Color indicates the mass splitting between the A and H scalars (right scale applies to both plots).
With only the detector acceptance cuts on the generator level, the expected background cross-section for the considered final state is about 500 fb, over two orders of magnitude higher than for the considered benchmark points. However, kinematic distributions are very different, as two massive scalars are produced in the signal case, reducing the kinematic space available for lepton pair production. In fig. 7 distributions of the selected variables describing the leptonic final state for three benchmark scenarios (BP1, BP3 and BP6) are compared with Standard Model expectations. Clear differences between the signal and background distributions allow for efficient selection of signal-enhanced sample of events using the multivariate analysis. We follow the same procedure and the same set of input variables is used as for the AH analysis described above. The BDT classification algorithm is trained separately for each benchmark point to discriminate between signal and background processes. Examples of the BDT response distributions for the BP1 signal sample and SM background samples simulated for 1 ab −1 at 380 GeV CLIC are shown in fig. 8 . While due to a large SM background it is not possible to select the signaldominated sample based on the BDT response, the highest significance is obtained when selecting events with BDT response above 0.12. About 1700 signal events are expected in the final sample (BDT selection efficiency of 70%) with background contribution of about 8500 events (BDT selection efficiency of 1.7%), resulting in the significance of the observation of about 17σ.
As was the case for the AH channel, the expected significance of the eµ signal is mainly related to the production cross-section for the considered channel. This is shown in fig. 9 , where the expected significance for the electron-muon final state (e + µ − or µ + e − ) are plotted as a function of 2m H ± (left panel) and the production cross-section (right panel), for different IDM benchmark points. Discovery at the Figure 9 : Expected significance of the deviations from the Standard Model predictions observed at 380 GeV CLIC for events with electron-muon pair in the final state (e + µ − or µ + e − ) as a function of twice the charged scalar mass (left) and the production cross-section for the considered signal channel (right), for different IDM benchmark points. Color indicates the mass splitting between the H ± and H scalars (right scale applies to both plots). initial stage of CLIC is only possible for scenarios with signal cross-sections (in the electron-muon channel) above about 1 fb. This corresponds to charged scalar masses below roughly 150 GeV. We do not observe any sizable dependence of the expected significance on the mass splitting between the charged and neutral inert scalars, m H ± − m H (indicated by colour scale in fig. 9 ), within the considered range of parameters. Reduced signal channel cross section and thus reduced signal sensitivity observed for one of the benchmark points in fig. 9 (BP2 with m H ± = 112.8 GeV) is due to the significant contribution of cascade decays, H ± → W ± A → W ± Z H, which were not considered in the signal event selection.
Inert Scalars at high-energy stages of CLIC
We now turn to the discovery prospects of the two high-energy stages at 1.5 TeV and 3 TeV with assumed integrated luminosities of 2.5 ab −1 and 5 ab −1 [39] . The same analysis procedure described in section 4 was applied to signal and background samples simulated for high-energy CLIC stages. As before, proper energy spectra for CLIC [37] , based on detailed beam simulations, were taken into account, which is crucial for a correct description of signal and background at high collider energies. We applied the same generator-level cuts as before, but did not make use of any additional pre-selection cuts. Furthermore, we extend our study to include additional high-mass benchmark points not accessible at 380 GeV; these are listed in table 2.
In fig. 10 , we display the expected significances of the IDM signal in the AH and H + H − channel as a function of the inert scalar masses for subsequent CLIC running stages. For AH channel (muon-pair production) increasing the running energy and integrated luminosity results in only a moderate extension of the discovery potential of CLIC. With 2.5 ab −1 at 1.5 TeV scenarios with the sum of neutral inert scalar masses up to about 550 GeV can be probed, compared to about 290 GeV for 380 GeV running. Prospects for high-energy CLIC running look significantly better if the H + H − production with the electron-muon final state is considered. Here the expected signal significance decreases much slower with the charged scalar mass and Figure 11 : Significance of the deviations from the Standard Model predictions expected at different CLIC running stages, assuming the same integrated luminosity of 1 ab −1 , as a function of the signal cross-section in the considered channel, for: (left) events with two muons in the final state (µ + µ − ) and (right) events with electronmuon pair production (e + µ − or e − µ + ), for the IDM benchmark points in tables 1 and 2.
we can probe masses up to about 500 GeV at 1.5 TeV, compared to 150 GeV at the first CLIC stage (see fig. 10 right panel).
The significance is mainly driven by the signal production cross section and is approximately proportional to the square-root of the integrated luminosity. For parameter points that are already accessible at Stage 1 the AH production cross sections decrease with the collision energy much faster than most of the backgrounds and the significance of observation decreases at Stage 2. Only for points with M A + M H 300 GeV, which are close to the production threshold at Stage 1, higher integrated luminosity and the production cross sections enhanced by up to a factor of 2 result in better sensitivity at center-of-mass energy of 1.5 TeV. Similarly, when going from 1.5 TeV to 3 TeV, the significance of observation increases only for scenarios with M A + M H 1.2 TeV. As we search for the signal contribution on top of a much larger background, we expect that the significance is (to a first approximation) proportional to the squareroot of the integrated luminosity. In order to compare the CLIC sensitivity to the IDM benchmark scenarios at different energies, we scale the expected significance at high-energy stages to the integrated luminosity of 1 ab −1 assumed for 380 GeV running. This allows us to separate luminosity and cross-section contributions to the overall significance, and will also allow for projections of the discovery potential at arbitrary luminosities.
In fig. 11 , we show the scaled significance results, presented as a function of the signal production cross-section. For the AH channel, which leads to µ + µ − final states, a universal linear dependence on the signal cross-section is observed which does not seem to depend on the running energy. Significant (above 5σ) observation is possible for cross-sections roughly larger than 0.5 fb (for higher luminosities, these should be rescaled by 1 /L · ab). For the H + H − channel, however, leading to e ± µ ∓ final states, the high-energy running of CLIC clearly gives better sensitivity to heavy IDM scenarios (assuming same production cross-section and same luminosity) than the initial CLIC stage (see fig. 11 right). The relatively large differences between different BPs with similar cross-sections originate from the mass difference between the charged inert scalar and the DM candidate.
Finally, we investigate the dependence of the signal significance on the mass difference between neutral/charged inert scalar and the DM candidate. In fig. 12 , we show the ratio of the expected significance (scaled to the integrated luminosity of 1 ab −1 ) to the signal cross-section in the considered channel, as a function of the corresponding scalar mass difference. This ratio indicates the expected significance for the particular mass splitting, assuming the reference signal channel cross section of 1 fb. For AH production (muon-pair channel) at high-energy stages, the experimental sensitivity seems to be significantly better for low mass differences, below m Z , when the virtual Z boson is produced in the A boson decay, A → Z ( ) H. This is because signal events can be better separated from the SM backgrounds for such scenarios. One can also note that for high mass differences, m A − m H > m Z , the experimental sensitivity is clearly better for low-energy running.
The situation is similar for the H + H − production signal in the electron-muon channel. For high running energies, a better sensitivity is expected for low mass differences when the virtual W ± boson is produced in the charged scalar decay. However, it is also clear that the experimental sensitivity is much better at highenergy running than at the first CLIC stage and this observation does not depend on the considered dark scalar mass difference. The results presented in fig. 10 seem to indicate that many high mass IDM scenarios will remain inaccessible at CLIC, even at high energies. However, one has to stress that this is mainly due to the small branching ratios for the considered leptonic final states: 3.3% for AH → HHµ + µ − and 2.3% for H + H − → HHµ ± e ∓ νν. For scenarios where the signal cross sections in the dilepton channel are too small, it might be worthwhile to investigate semi-leptonic decays in the H + H − production channel. Due to the much larger branching ratios (28.6% for H + H − → HH ± νqq , with = e, µ) the expected number of H + H − signal events in the semi-leptonic final state is over an order of magnitude larger than for the electron-muon signature. As a similar scaling is expected for the background processes (dominated by the W + W − production), we expect that the significance of the observation in the semi-leptonic channel should be increased by at least a factor of 3 (corresponding to the ten-fold increase of the integrated luminosity). An investigation in this channel could furthermore profit from a full reconstruction of the W ± that decays hadronically, which allows to use the reconstructed W ± boson mass and energy as additional discriminators in the BDT algorithm. However, a proper estimate of the expected significance for this case would require a much more detailed analysis, including parton showering, hadronisation and detector response simulation, and event reconstruction with particle flow algorithm and final state reconstruction using accurate jet clustering and lepton identification processes. This is beyond the scope of the work presented here.
Conclusions
In this work, we have studied prospects for discovery of inert scalars of the Inert Doublet Model at CLIC running at 380 GeV, 1.5 TeV and 3 TeV. A set of benchmark points, proposed in [9] and satisfying all experimental and theoretical constraints, has been considered. We focused on pair-production of charged dark scalars H + H − and production of the DM candidate with the second neutral scalar boson, HA, with subsequent decays to leptonic final states. Signal and background event samples were generated with WHizard 2.2.8, taking into account all processes that lead to the considered final states. Signatures for production of new scalars were searched for in the kinematic distributions for events with exclusive production of two muons or an electron and a muon. Significance of the possible observation was studied using multivariate analysis methods.
We found that most of the low-mass benchmark scenarios proposed in [9] can be observed with high significance in the di-muon channel already with 1 ab −1 collected at 380 GeV (the first stage of CLIC), provided that the sum of neutral inert scalar masses, m A + m H < 290 GeV. Similar constraints also apply to the observation of the charged scalar pair-production (electron-muon pair-production channel), which is however fulfilled for fewer scenarios.
Scenarios which are not kinematically accessible at the first stage of CLIC can be searched for at high-energy stages, at 1.5 TeV and 3 TeV. The signal production cross-section for both considered channels decreases significantly with energy, much faster than for the corresponding background processes. Signal cross sections for the considered final states are further reduced by the small branching fractions for the dilepton channels. We found that at 1.5 TeV the discovery reach is extended to the sum of scalar masses of about 550 GeV in the dimuon channel and for charged scalar masses up to about 500 GeV in the e ± µ ∓ channels. For the scenarios considered here, increasing the center-of-mass energy to 3 TeV does not significantly improve the sensitivity. Therefore, the observation of the inert scalar production in the leptonic channels will be challenging at high-energy CLIC and a significant signal is only expected for relatively low masses. However, higher significance and the discovery reach extending up to the kinematic limit could be expected for H + H − production in the semi-leptonic final state (isolated lepton and a pair of jets or one massive jet). This is in the line of future work.
